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AESTrtACT 

a 

The MIT-0!fl electrostatic accelerator and broad-range spectro- 
graph have been eiaplcyed to in7estigate the P3l(d,p)P32 reaction, Tliin 
targets of eilrer pyrophosphate eraporated onto Fomrar filas were bom- 
barded with 6-Kev doutorons. The proton groups corresponding to exci- 
tation of the Epround state of P32 and of the fifty-two excited lerels 
were analysed at laboratory angles of 30, 50, 70, and 90 degrees. The 
ground-state Q-value was found to be 5.709 ♦ 0.010 >iev in good agree- 
ment with results by other experimenters. Several levels, which were 
obscured by contaoinant groups in the previous work on this nucleus, 
were identified, as well as many levels not previously resolved. 

Because of the relatively large amounts of sodium in the evapo- 
rated material, it was possible to confirm the ground-state k^-value of 
the I<a23{d,p)Ma24 reaction. Proton groups corresponding to transitions 
to the ground state and nineteen excited levels in Na2li were found in 
this work. 
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I. Introduction 



7h« MIT-Olll electrostatic accelerator used in conjunction with 
tlie broad-rance spectrograph is particularly well s\iitod to the deter- 
nination of nuclear energy levels. In this work, the equipwent is 
used to deterroino the energy levels of by analysis of the proton 
groups fToit the P^^(d,p)P^^ reaction. 

According to the shell model^, the nucleus has a single 

proton hole in tho a^2 sbell and a single neutron in the shell. 

It is therefore amenable to treataant by the aethod of Goldstein and 
2 

Talni. These authors iiavo developed a set of equations for deter- 
mining tho binding energies of nuclei such as In terns of various 
nuclear parameters, including the mclear spine of the ground state 
and of the excited levels • Te provide a check for these calculations, 
it is desirable to have information on the energy levels and spine of 
ttie levels in the nucleus. The energy levels are deteirmined ty methods 
described in this vee^k, A limit can be set on the spins of the levels 

3 

by employing the stripping theory of Butler, Butler derives an ex- 
pression for the cross section of tho (d,p) roaction as a function of 
the reaction angle, with the BceientuB of tho captured neutron, as 
a parameter. By noasuring the total nuniber of particles at various 
angles in a proton group corresponding to a particular nuclear state, 
the experjjsental variation of reaction cross section can be detorminod. 
This is then ccapared with tho theoretical curve £rom the Butler theory 
to detensino tho value of <n which gives the best fit to tho data. In 
this way, limits can be set on the spin of tho level in question in 
accordance with the relation^ 
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|l 1 ihj ^ ^ i 



vhcr« 

■• spin of target nucleus 

• spin of residual nucleus 

• angular Boaentum of captured neutron 

As the first step in obtaining the necessary' data, this vork 
was ained at identiflying and noasuring the energy of the excited 

I 

states of from an analysis ef the P^^(d,p)P^^ reaction. An 
accurate Q~value for the ground-state transition is also obtained 
in this analysis. 



I + ♦ 4*^ ^ - I 1 



J iV il 



tWijMirt « 4 «W to di^it *• \ 

mn fn m iMuiLr^ lO <U4V * 
brw><iO in ^rimwi f ^2jm» 

ihit i»x «<4 «9 cA 

x*‘. -O'nM* 0^^ %«!«*•«•£ ^lr^.A»>ra Jn WJ:« «Mr 
i tSmiS»rn*rL •^(c^)'^ «£« tr <M ^1 \n 

f » i o •! MQ^iaitj'iil «^i t»> «.4ia?sv •im9^ 



- 3 - 



II, Apparatus 



Tills investigation was carried out usini’ the MIT-OIfl elec- 
trostatic accelerator and the associatod deflecting siagnet, collimat- 
ing slit ^sten, target chaxber, aid broad-ran^e sppectrograph.^’ 



Analyaing Magnet 

A cut-avay drawing depicting the salient features cf the 
accelerator is shown in Figure 1, The energy of the chargecl-partl- 
olo bean and the spread in energy are defined by a collinatinr slit 
systM and the deflecting Msgnet. Tbo latter acts as a momentum 
filter. The nomenta of particles which can pass through the raagnet 
gap are determined by the setting of the magnetic field strength, 
which can be accurately measured as described below. The slit sys- 
tem controls tho sUowed energy spread in the incident beam, accord- 



ing to tho relation' 



R • ^ (M ♦ 1) 
2 «/' 



where 



R * energy resolution 
Sq * radius of curvature of ri^ 
• Mu' 



u' • width of entrance slit 
M • magnification. 
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For tho laagnet in use at H. I. X., K 0.6, Aq '2: 60 ca, so that 

a slit width of 1 im gives an en&rgy resolution of about 1:800. The 

spread in the input energy is further controlled by a corona current 

stabiliser that uses a portion of tho beam current to control the 

current to the tcminal. After paseini^ through the deflector nagnet, 

where its direction is rotated through 90 degrees, the beam Is 

foousod on a set of defining slits placed 185 on from tha exit face 

■% 

of the nagnet. The beam current collected on these insulated slit 
Jaws 4-s used to provide the corona current stabilization nentioiwd 
abovo. 

Target Chamber 

Tho particle beam next enters the target chamber in which are 
plaeed the thin targets to be bombarded. It has been observed that, 
when targets are exposed to a particle beam, contaminants, particu- 
larly carbon, build up on the surface of the target illssilnated by 
the beam* This build-up causes a broadonin(’: of the output particle 
peaks because of energy straggling and Introduces an error into the 
energy detenslnations* To minimize this effect and also to preclude 
fraoturing of tiio fragile targets, the target frames are momited in 
a rotating mechanism. This consists of a astall D. C. motor mounted 
on the lid of the target chamber, A shaft is mounted eccentrically 
on the rotor, and this in turn holds the target framo, A circular 
motion of tho target in a plane perpendicular to the inoidert beam 
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is thus produced. This causes the been spot to lUusninate the target 
orer a ring-shaped area on the target of nean diaaeter about 1 cm. 

Broad-range Spootrograph 

The particles emerging from the target chaaiber into the accept- 
ance angle of the spectrograph (Fic,ure 2) are deflected hj the spec- 
trograph's magnetic field vith radii of curvature proportional to 
their momenta. Placed in the hyperbolic focal surface of the spec- 
trograph are three 2 x 10- inch Eastman KTA 25>-mlcron photographic 
» 

plates that record the emergent particles. T^ie plates ere iield 
rigidly in a specially contracted plateholder that constrains them 
to conform to the focal surface. Prior to loading in tho spectro- 
graph, the platee are indexed by shining light through a series of 
slits whose scparatlone are very accurately known. Thsae index 
marks serve as reference points for measuring distance along the 
plates when eounting the particle tracks. The spectrograph can be 
rotated about a vertical axis through angles from zero to 130 de- 
groas vith respect to tho direction of the incident beam. The angle 
of observation can be detomined with an error of loss than 10 ainutea 
of arc. The solid angle of the spectrograph is independent of the 
angle of observation for the us\ial setting of the collimating slits. 

It is defined by an entrance aperture and by an 8 m slit in front 
of the focal surface. Tho aperture angle is adjustable, but is nor- 
mally used with a half angle of 2^ degrees. Tho solid angle on the 
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focal siirlacft is about 3*ii x 10*^ steradiana at a plate distance of 
02 cia. 

In order to hare a correlation between the position of chargod- 
particlQ irroups along the photograj^c plate and their nonentua, it 
is neeossary to oallbrate the spectrograph with a known standard. 
Alpha particles fro» the radioactive isotope (RaF) are used for 

this pfurpose. A silver wire is coatod with a thin layer of polonium 
by dipping it into a solution of a polonium salt for about 10 minutes. 
The wire ie then placed in the target chenbor, and its position is 
fixed to correspond with the position of the bean spot from tlie 
aoeelerator. The alpha particles arc allowed to enter the spectro* 
graph where they are deflected onto tl« photographic plates. This is 
dens for various values of the sneotrogreph magnetic field strength. 
The distances alsng the plate at which the one-third height of the 
alpha-particle gro^e is found are then plotted against their radii 
of curvatxirO) as determined by the known value of their momenta 
(1^ • 331.09 kHogauss-centimeters) and tlie magnetic induction B, The 
validity of using the distance to tho one-third height on the high- 

O 

energy side of the peek is discussed in detail by Buochnor et al.” 
Fluxmeters 

The magnetic fields in the deflector and speotrogre^h magnets 
aro measured &nd continuously monitored by fluxmeters employing e 
nuclear magi»tie resonance technique. An aqueous solution of lithium 
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chloride contained in a anall glass capsule io positioned between 
the pole faces of the magnet. The lithium nuclei will process in 
the magnetic field with Larmor frequency 



V 



fijH 

I h 



where 

Pg ■ tlie cc»pdi»nt of magnotio moment alonf H 
11 « magnetic field intensity 
I ■ angular momentum of nucleus 
h ■ Planck's constant. 

A radio-frequency field of frequency F is applied to the capsule 
with its magnetic Toctor at right angles to H, At the resonanee 
frcquerjcy F • v, changes occur in the orientation of the nuclear 
moments corresponding to transitions between the magnetic substates 
in accordance with the relation^ 

E ■ 

where 

9ti • 1 cos p is the magnetic quantum number for 

the projection of I along H 
E • kinetic energy of Larmor precession. 

This absorption of tmergy by tho lithium nuclei causes a 
relatively large depression of the amplitude of the radio-frequency 
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aignal applied to tine capsula* This signal is applied tc the ver- 
tical def lection plates oi a cathode-ray oscilloscope. Tits danping 
of tho signal at resonance is observed as a dcorcsaion of the sweep 
on the face of the oscilloscope, and tho mgnet c'orrent is adjusted 
to keep tl* ’’pip” centered. This procedure allows the field strength 
to be detemined to within the accuracy of neas\u*«nent of the radio- 
frequency, The latter can be Measured with an accuracy of 1 part in 
100,000, A seoondary frequency standard, which is checked periodi- 
cally with station WWV, is used to dotemine the frequency accurately. 

Alterations 

During the period covered by this investigation, several 
changes vero nade in tho accelerator. These were aimed at increas- 
ing the maxinun operating voltage and bean current attainable. 

The thorites, which liad been used to distribute the voltage 
along tho length of the column, were replaced with resistors. Tl:iese 
thyrites served to maintain a uniform voltage gradient throughout the 
length of the accelerator coluan, liowover, the thyrites oricina3.1y 
installed for this purpose had a nonlinear characteristic such that 
the voltago across th^ saturated at a predetermined value of current. 
Therefore, based on previous experience and also on tte etxperiences 
x*eported by other Van do Graaff groups, it was decided to install a 
linear resistor swinufactured by the S, S, Vhite Dental Kanui’aoturing 
CoK^sany, ThiB change resulted in several problems. 
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The first of these was the effect of ionization of tlie nitro- 



gen gas used to insulate the generator. Tliis ionization was caused 
by x-rs^s produeed by electrons accelerated up tlie accelerator tube 
and stopped near the positive ion source at the top of the tube. 

This ionization caused a lowering of the potential of the intemedi- 
ate shelly since the ion curr«nt from this shell to the walls of the 
tank was greater than that from the terminal to the tihell because of 
the larger Yolume of gas involved. In atteB^ting to bring the volt- 
age back up, excessive chargii^ currents vsre required on tlie acceler- 
ator belt, and this led to instability of ths generator. The sitxia- 
tion was rensdied by construction of a 2-inch thick lead shield s\ir- 
rounding the ion source. This sMeld effectively attenuated the 
radiation produced b7 electron loading and thereby sufficiently re- 
duced the ionization currents, 

A second effect noted was the difficulty of stabdlizing the 
generator voltage. The stabilizer presently in use controls tlie 
corona current to the Interaediato shell which is oon:iectcd to an 
equlpotential plane two-thirds of the distance from tho lower end 
of tho generator. Present plans call for removal of this shell so 
that the stabilizer can control corona current to tho terminal and 
thus have a stronger effect on the total gonorator voltage. 
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Target Preparation 

The targets used in this work ■acre prepared by erapor-tion of 

silver pyrophosphate onto fomivar f:Ilins held on copper rru%s. 

The evaporation was carried out in a vacuua of about icr^ mn of 

nearouiy. The Mate.'ial to be evaporated was carefully weighed (100 

nilligrans was uacd) and placed in a tantalus boat, uMch was heated 

by the passage of an electric current. The silver pyrophosphate 

% 

evaporated frcaa the boat arid subsequently condensed onto the Foravar 
fllMB that were plaoed at distances of 2 to 6 inches froei the boat. 
The targets wore of the order of - to 10-kev thick for 6-Mbv 
incident deuterono. This tMckness was doteminod use of an 
alpha-particle thickness which measures the thickness in 

tenae of an equivaler^ thickness of air. This figure con then be 
used to detomine the tlilcknec^ in terms of energy loss of iiwiident 
partioles. 
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Tlift -jKLqiMttlou 

th* tijrpo of reaction studied in this work is illustrated in 
Flfure 3 (laboratory ayataa)* 

The laMB of ccnsexretion of energy and Boaontuss require 

^ e E.^ ♦ Eq (1) 

* ^0 + PR 

where Uio E'e and P's are kinetic enercy and lacaiontUR, reonectivoly. 
Using the censezvation relations and solving tho nonontua trlai^le^ 
it is found that 

~ Ex ^ ~ ?0 • 2 008 0 ♦ S i^x 

^ *h 
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S rel ^ ^ ♦ 0^ - -*a^ - co» ® ♦ ~) 

Z\c^ % 

(U) 

This equation contains E»; but eufflcient accuracy is obtained 
if the zusnrelatlTlstlc expression is usedt 
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Coabinlng (1) and (it), the foUoNlng equation le obtained; 
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V ^1% ♦^j-ei* (6) 



This aquation expresses Q in tems of the energies of the incident 
and output particles, vhich can be cieasured in each experiment. 

To obtain the Q«raCLue corresponding to the distance along the 
plate to the one-third height of each proton group, the following 
procedure is employed. The radius of curraturo (p) of the article, 
correapondlng to this distance, is obtained froR the calibration 
curve described above. This is multiplied by the magnetic induc- 
tion (B) measured by the fluxmeter to give the nomenta Bp of the 
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particles. The relationship between Bp and energy is 



where 





Bq ■ electron mass 
0 • velocity of light 

Z ■ charge of particle in units of electronic charge 
B • magnet indiiction 
p ■ radius of curvature 
e » electronic charge 



(?) 



Ji|-V 



* - A »v ^ # 

/ ^ 






I« • ‘ ttAb 



2 -ii— '■ * «« < r - /> ^--- 

(d) .j ^6 »T j- ;” ♦«o»«-i- ^ '> ^ 



j* ««igw« I* BMM Ot V *Wia*iW»* '»* 

,nA» uA» (la?LM ^«i>0 bfl« 

■I# yer^' <•< ^ -•iLat«*vi'i^ «f|.«». irif of 

y fO prt^ *>1? 

.j -fA^tyr yyi 1,0 in) «(MU»rV *> t) «i^ fll«rtl*t>0'5q 

0»>4f»«<lXA9 9M sj at |SM«W«|»»Yt00 

«lf rf ¥mt> M;m *1 i-<lic^ •rao 

*vi3 o.< xifiaininfl rt# ^ (a) 

'^*•1 «r^«3i w* C0' fuLAn«i«^^ .••Idi.tasq 




fM* ttnc'y^l^ » ^ 

A • 0 

•^.•n Ip aiUA*) nt «iXinp« :•» av'^^ •* & 

iwiMa ■> i 

*^iiWrurr l» " Q 



««^«M Ai4ieri»T«a£« • a 



, 16 - 



2 

Thi® «quation my bo oxpcmdod in powers of (Bp) , The 
enorgles of proton®, deuteron®, tritons, and alpha particles hare 
boon tabulated by Enge^^ for Talues of Bp frOTi 10^ to 6.5 x 10^ 
gauss oentiaeters. Using the raluo of ir^t energy detcrsdnod by 
elastic scattering and the output energy deterzoined as described 
here, one can calculate the H.-value for each level. The calcula- 
tions were greatly facilitated through the efforts of Pieter 
HiJino, who prograaewd this calculation for the IBM 70U cosiouter 
at M. I.T. The results were presented as a table of ^-values for 
each centineter of plate distance. Linear iLntorpolatlon was used 
to find the Q-value correspondlne to each proton gro;^>. 

Target Mass Analysis 

In preparation for exposing the targets to the deuteron bean, 
it is essential to know the relative abtuidance of target nuclei and 
contaminants. This infomation is useful as an aid in assigning 
the proton groups observed in the analysis of the (d,p) reaction 
to the pi*oper reaction. Koss analysis of tPio target is aoccoopllshed 
by elastically scattering incident protons from the target and analya- 
ing the scattered protons with the broad-range spectrograph. Be- 
causo each nucleus will absorb mc»ientum from the incident beam in 
inverse proportion to Its mass. It is possible to identify a proton 
group with the mass of the scattering nucleus. From the H-o<juation 
with Q sot equal to sero for elastic scattering, we obtain, ignoring 
the small relativistic correction 
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Ko-Ki 



Where 

n ■ ness of scattering nucleua 
Mass of proton 

Ejj« energy of scattered i^roton 

energy ot incident proton 

6 • oboervation angle (laboratory systesi). 

^ Figure k shows the results of a scattering mass analysis 

porfomed on the target used in this work. A beam of 6,03>^£v 

protons was used, and the scattered particles were analysed at a 

reaction angle of 130 degrees. The elenents present in tho tarj-et 

can be attributed to the following i 

Tantalus ■ boat »atorial used in erraporation 

Silver • evaporated material (kg^'P20j) 

Iliosphorus ■ evaporated rsaterlal 

Sodium “ contaninant in evaporated material 

0)Qreen -» Fomrvar backing; evaporated mterial 

Kitjrocen • Forsvar backing j contaninant in evaporated 
material 

Carbon •• Forwar backii^ 

Chlorine, silicon, aitd potassium • naterials previously 
evaporated and not cor^letoly purged from 
system j contaminants in evaporated material. 
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Tho unusually hlth concontratioriS of sodlw aisd nitrogen can 
b« explained by aotinig tht procodiiro for synthesizing silver pyro- 
phosphate. This consists of combinin;' silver nitrate and sodium 
pyrophosphate, vhich could explain trie preseneo of these itrourities. 
Inquiries at all loading chefiioal cu’jply firms failed to oroduoe a 
source of this eowpound with a high degree of purity. Attec^ts were 

made to evaporate loetallic phosphates, i4'J.ch are available with a 

■* 

high dogx^e ol purity. It was found tliat it was not possible to get 
sxiffiolent snounte of ohos^^iorus nuclei onto tho target, even with 
targets of If^kev thickness. In particxilar, lead ohosphato and 
cadmium phosphate vers evaporated. A mss analysis of these tar- 
gets showed largo amounts of the metallic rraclei but extrorsely small 
quantities of phosiihoniB. Further study of this phononenon is in- 
dicated to determine wliat happens to tho phosphorus in the evapora- 
tion prooesB, 

Although the amounts of contaminant nuclei in tho target were 
significantly higher than can normally be tolerated, it was decided 
to proceed %dLth the analysis of the (d,p) reaction. The contaminant 
elements that would be expected to frtve appreciable yields arct carbon, 
nitrogen, oxygon, and sodium. Since these clments tiave all been 
previously studied in this laboratory, it was felt tliat no diffi- 
culty woxild be exncrienced in picking out the proton groups from 
these contaisinants. It is possible to distinguish unambiguously the 
proton groups ascribed to the P^^(d,p)P^^ reaction fron the proton 
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gro^lp8 arising fron the contaaiinant eloratnts by noting the relative 
shift in nroton energy as a function of oboei’vation angle. 

The (dap) Xi^aotloR 

A deuteron beam of 6,01 Msv waa used tc boKbard the target, 
Tbo energy of the incident douterons vao dotersjiined by ?i*asurinr 
the energy of the douterons eloetically acatterod fron the phos- 
phorus, Solving the ^ equation lor E^j,, wo obtain: 
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This equation can bo solved by successive a*^roximtions for 
in terns of the energy of the scattered deutnrons. 

The following expos^u'es were used at the various angles of 
observatiem 



30 degrees - ^00 |ac 

50 degrees - 1500 i«j 
70 dejp:*e©s - 1000 nc 
50 degrees - 1000 tic 

The cliarged-partlclo bea« , which is incident on the target, 

is neasux-ed and integrated by a coribinod sensitive wicro«wsetcr 

12 

and current integrator designed by Eng©, A 300-volt bias is cr> 



plcyed in tto target chanber to obviate the oossibility of measuring 
false currents produced by secondary electrons. An additional expo- 
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SUT8 of one-tenth th« above values was inad© at each ajiglo in order 
that the aore intense /roton groups, particularly those froB carbon 
and oxygen, could be counted* Since the %-values for the 
C^(d,p)C^^ and cA^(d,p)Cp-^ reactions are well taiown, these groups 
serve as a ood check on the input energy and also on the eoectro- 
graph field sot tings, 

A typical spectrum the proton groups is shown in Figure 5. 
It is noted that some of the groups are not resolved from contami- 
nant groups, but these vere all observed on at least one other ex- 
poatire at a different observation angle wh«ro the relative ahift in 
proton energy was sufficient to allow resolution of the phosphorus 
groups from those that were due to contaminants. 
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IV. R«sults 

The P^^(djp)P^^ weaction 

?hc grcuna-state ^-value for t»he reaction was 

determined as 5*709 + 0,010 Mev, which agrees within the stated 
errors with the value of 5*70!i 0*003 ffev reported by Van Patter 

ot al.^ Moreover, fifty-two proton grouoe were assigned to excited 
levels In by virtue of their energy shift with observation 
angle* The results are suMPiarlsed in Table I and Figure 6, The 
results of Van Patter et al, and thoae of Dalton et al,^ are 
included for purposes of coeparlson. It is seen tliat agreement of 
the present work with that previcusly renorted is quite good. 

The >ia^^(d*p)We^ React ion 

Sufficient yield was obtained from tho Ma22(d,p)Ne^ reaction 
so that these results can also be presented for cceparison with the 
work ef Sperduto and Aioclincr,^ A ground-state Q-value of it, 731 
♦ 0,010 Mev was found for tiie Ila23(d,p)ite2it reaction in exact agree- 
ment with previous results. All nineteeti of the excited levels re- 
ported earlier were oonfirjaed in this investigation, Tijese results 
are presented in Table IX. It is somewhat surprising that Utere 
were no proton groups beyond the ond corresponding to the it,56-Ifav 
level in Ma^ idiich could be assigned to Ma^, It is probable that 
relatively weak sodium groups in this region nay have been obscured 
at all observation angles by other mol’s intense groups from and 
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Table I 

The P^^(d,p)P^^ Reaction 



«i-Value (Mev) 



Levels in f 



.32 



(?iCV) 



Present 

Work 
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Table n 

The !'5a^^(d,p)!la^ Reaction 



;-Value (Xev) 



Levels in Ha 



2h 



(Hot) 



Present 

Work Sperduto and Sperduto and 

♦ 0.010 BuocluEr Present Work tfuoohncr 
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the otlisr contaminants, since the ixjaJc density is so hif’ii in this 
portion of the spectrum. 

Errors 

The errors quoted in the v>-vslues and excitation energies 
are actually a measuro oi tho unoortainties in the raeasui'eaents of 
the energy involved. These uncertainties nay be separated into two 
types I one random in nature, and the other systenatic, A detailed 
examination of tho uncertainty of each Icfvel not l>cen carried out 
but the eneral effects have been noted, aivl it is felt that the preb 
able error assigned is a gei^erous estimate of t^ic actual errors. 

Q»Value Errors. The factors that may contribute to tl^ 
random errors aret 

1, Tho spread in energy of tho incident particles re- 
sulting ftom fini.to slit widths; 

2, Tho spread in energy of tho eraergont particles 
from variations in target thickness, 

3, Failu.e to koep tho fluxBoter pip centered on the 

oscilloscope. 

Now, sinoo each •<- value is the ncan of at least two and 
usually fo;ir independent neasuroments, an estimate of the randcmi 
error was obtained by calculatinj, the standard error 
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where 

X • laoan value of 4 for each level 
x± • indivldxial C«-value noasurciRents 
n ■ nuxber of observations. 

This procedure resulted In an average value of 2«0 kev for the stand- 
ard error, and tills la taken as an estimate of the random error. 

The ^stenatic errors are the more significant ones, and in 
general they are a function of the energy of the emergent particles. 
Those errors may be duo to 

1, The eallbration error ef the nagnetia spectrograph, 
vihich incliuies the error in positlonln* the polonium wire and the un- 
certainty in the 11(9 value of the polonium alpha particles. 

2, Uncertainties in deterfiinirjg the one-third height 
position of tho proton peak, and the validity of using the one-third 
height as a measure of the proton energy. Tliis error also includes 
the uncertainty in mcasurinj the distance frtm the strip counted in 
the microscope to the index mark. 

3, Since tlio energies of tho elaotically scattered 
deuterons used for iiput energy deteminution and of the protons 
from the (d,p) reaction are measured after passing through tho target, 
there is an error Ija the m-value determination from tho difference in 
energy losses suffered by protons and deuterons, A correction for this 
effect has been applied to tho w^-values, but it is difficult to analyze 
the effect precisely so that some error is introduced. 
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Th* eatinates for caoh of these errors le blven in the follow- 
ing tablet 



Table IH 

Sjstex Lrrora In ^-Values 
(in percent of proton energy) 



1, Calibration eiror 0,0ii 

•a 

2, Uncertainty in position of one-third heit;ht 0.03 

3* Energy loss in target 0.03 

Square root of amn of squax^a 0.06 percent. 



The total error ia then taken as the sun of the randon and 
syatnatlc errors. Thtis, for the ground state at 30 degreea, 

Ejj ■ 11.6 Har 

Random error ■2,0 kor 
Syateaatic error ■6,9 kor 
Total error ■ 9,0 kev. 

In order to allow for possible sources of error that may hsare 
been ovorlooked in this analysis, it was decided to list an error of 
+ 10 ker for all Q-valuea, 
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jbwltfttion £i»rgy Error 9 , The excitetioa energy is found l?y 

•ubtraetlng the i^oTelue for each level frost the ground-state Q- value. 
The sjateeatlc errors in the '.^-values then tend to cancel out^ par- 
tioularljr for levels corresponding to proton groups idxich appear on 
the SSM plate as those fron the gx*cund-state transition. The random 
error wes ealeulated as for the Q-values by exarrdnation of the 
etendard errors of the aean value and was again found to be about 
2 kev. The systesMitle error was taken as 0.1 percent of the excita- 
tion energy. 
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V, Conclusions 

The present invostigstion of tho reaction using 

the bread-range soectrograph has extended tho ini'orciation on the 
energy levels of up to excitation. In addition, several 

levels that vero *issed In previous investigations have been observed, 
Tho existence of tho lov-lying state at an energy of 77 kev has been 
coniimwd. This state can be explained as arisin- from the two dif- 
ferent orientations of the unpaired s-proton hole relative to the 
angular nowentuM of tho tu^aired d-nsutron. The very small splitting 
observed require* a coKp?irativoly ^reak spin exchange force evon though 
tho two particles, being in different orbital states, do not interact 
strongly, Beoatise tho lowest stetos would be those with parallel spins, 
the gro5ind state of should have soln 1 and the excited states, 
epln 2, Tlie states in question are members of spin doublets, and tho 
dependence of their reaction cross section on tho spin Jjj of the 
residual nucleus is predicted hy stripp5jig theory. 

In tho stripping thooary developed by Butler^, the only tom 
in tho cross-section fonsula that depends on the spin of the final 
nucleus is (2Jb +1), he can thus use the intensities cf the proton 
grouus corresponding to the two levels to check on tho spin asslgn- 
laents made fTo« stripping theory; Jp “ ^ ground state and 

Jb • 2 for the 77-kev level. These values lead to a predicted ratio 
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— S a - JL 1.67. 
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The ratios of intensities XouJiJ in thds oxpcriaient were 30°*l,6lj 
50®»1.52j 70®il.U*} and for an average of 1,5 so that at 

least qualitative agree^ffint is evidenced • 

This investigation served tc dcsionstrate tlud^ an accurate 
analysis of «wsrgy levels can bo mds in the presence of a rcl&tively 
large nuRbcr of contardinant traclei, provided tine masses of the con- 
taminanta are not too close to tho icass of the nucleus being studied. 
This ability becomes incrcacingly ijqjortant as more nuclei are inves- 
tigated which nust be used in coripound form to facilitate vacuum 
evaporation of tho miaterial onto tho Fomvar bacldjtigc. 
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